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Outbound Cruise 
Proximity Operations 
Inbound Cruise 
Earth 
Moon 
Earth Capture 
Disposal 
1 Launch & Phasing 
Similar to Option-A 
Different from Option-A 
Dispose of ARV and boulder 
Longer duration at NEA target, 
Allows for increased 
Characterization and 
opportunities for secondary 
payloads 
Near Earth Asteroid 
Mars 
Greater return ΔV for similar 
Propellant quantity 
Cruise to and approach asteroid 
Crew Operations 
Crew activities at boulder 
6 LDRO Insertion 
Insert into Lunar DRO 
7
8
4
2
Not to scale 
Operations conducted 
Farther from the Sun and 
Earth; similar environment to a 
Mars-class mission 
•  Planned launch in December 2020 : Arrival at EV5 in October 
2022 : Return to Earth (with boulder) in late 2025 
•  Light times necessitate autonomous landing, boulder retrieval 
and ascent 
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–  Transition from the 5 km hold point to 200 m waypoint on pre-defined burn 
–  200 m waypoint to 50 m also performed on a pre-defined burn 
–  50 m to 20 m descent and asteroid spin rate matching performed with closed 
loop control 
–  No thrusting towards surface after 20 m 
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Ground-based Mapping 
•  Using higher altitude narrow-FOV 
survey images. 
•  Sterephotoclinometry (SPC) 
generates digital elevation maps. 
•  Process has mission heritage over 
~25 years  
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Landmark and Maplet Definitions
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Terminology: 
•  Maplets – small maps that tile the surface 
•  Landmark – origin of a maplet 
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Onboard Landmark 
Measurements 
•  Uses wide-FOV images during 
descent. 
•  Also based on SPC-heritage 
ground-based methods 
•  Our goal is to implement in flight 
SW onboard. 
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Landmark Measurement Process
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Image Space 
Maplet 
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Target 
Asteroid 
Camera 
Maplet 
Frame 
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Camera 
Maplet 
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Step 1: 
•  Transform subset of image 
pixels that contain the maplet 
into maplet-space 
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Step 1: 
•  Transform subset of image 
pixels that contain the maplet 
into maplet-space 
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Image Space 
Maplet 
Space 
Target 
Asteroid 
Camera 
Maplet 
Frame 
Step 2: 
•  Illuminate the onboard maplet 
in maplet space, using an 
illumination model and maplet 
heights (slopes) and albedo 
12 
Landmark Measurement Process
M. Shoemaker et al., AAS/AIAA Space Flight Mechanics Meeting, Napa, CA, 2016
Image Space 
Maplet 
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Step 2: 
•  Illuminate the onboard maplet 
in maplet space, using an 
illumination model and maplet 
heights (slopes) and albedo 
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Image Space 
Maplet 
Space 
Target 
Asteroid 
Camera 
Maplet 
Frame 
Step 3: 
•  2D search in maplet-space to 
find shift that maximizes 
correlation between these two 
Step 4: 
•  Transform solved-for shift from 
maplet space to image space, 
becomes the new (s,l) 
measurements to the landmark 
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•  How do errors in these parameters affect the errors in the landmark (s,l) 
measurements? 
•  These errors represent onboard navigation error, camera model errors, and asteroid 
model errors. 
and model parameters for a single set of collected (i.e., synthesized) images. Additional fidelity
may be achieved in future simulations that also perturb the truth state (as well as rendered synthetic
imagery).
Table 2: Monte Carlo Simulation Parameters
Parameter or state to perturb 1-  std applied
Asteroid-relative spacecraft position rsc, each component 0.1667 m
Asteroid-relative spacecraft attitude, each component 0.05 deg
Asteroid-relative landmark position rlm, each component 3.33 cm
Maplet terrain height z(x, y) 3.33 mm
Maplet terrain albedo a(x, y) 0.047
Camera model pixel skewKyx 1⇥ 10 5
Camera model principle coordinates (s0, l0) 0.1667 pixels
Camera model focal length f 0.004 mm
Camera model distortion coefficients ✏ (1⇥ 10 5, 1⇥ 10 7, 1⇥ 10 5, 1⇥ 10 5, 0, 0)
Asteroid-relative sun vector direction, RA and DEC 0.3 deg
The results of the LHS simulations are summarized in Table 3, and Figure 8 shows the distribution
in (s, l)err for each landmark. The first column in the table is the landmark ID number. The next
four columns are the means and 1-  standard deviations of (s, l)error. The 6th column shows the
number of samples where a peak in the correlation matrix was not found, e.g., due to the peak being
on the edge of the search distance, or the correlation matrix not showing a clearly defined peak. The
7th column shows the number of samples where the peak orrelation was found, but with a value
below a specified threshold of 0.3. The threshold level was determined based on experience in the
simulations, but this value is subject to change. The 8th column is the landmark template matching
success rate, meaning the fraction of those 500 samples that successfully had a peak correlation
value above the 0.3 threshold. The last column is the mean across the 500 samples of the max
correlation value ⇢ from the correlation matrix from each sample. The samples shown in Figure 8
correspond to those having a successfully located correlation peak. From these results, it is clear
that these 12 landmarks have a line error lerr mean close to zero, but a small bias of approximately
-0.1 pixels in the sample error serr. The error distributions shown in Figure 8 do not show any strong
non-Guassian behavior. The lerr 1-  std is consistently larger than the corresponding statistic in serr,
but both are below approximately 0.1 image pixels.
The biggest influences on the size of the errors (s, l)err are the knowledge errors in spacecraft
pose, followed to a lesser extent by rlm, (s0, l0), and z(x, y). The majority of the failure cases in the
landmark template matching (i.e., the approximately 10% of the 500 samples for each landmark)
are due to the spacecraft pose knowledge errors projecting the extracted maplet imagery too far
off of the maplet terrain in maplet space. Recall from the discussion on the correlation in maplet
space, that the correlation is only performed on the overlapping portions of the two signals. As the
correlation signal size decreases, the quality of the linear correlation quickly degrades (especially
in the presence of noise). Considering the 1-  values, the spacecraft position alone is 0.17 m and
the attitude is 0.05 deg; when these two act in the same direction (parallel to the asteroid surface)
the result is an offset in the boresight intersection with the asteroid surface of roughly 42 cm at
the 2-  level. The max search distance used in the correlation loop for these tests is L = 10,
corresponding to a maplet space max search distance of 5L = 50 maplet pixels, or 50 cm. Hence,
when the spacecraft pose knowledge errors approach the 2-  levels, the correlation algorithm begins
to approach its maplet space search distance limits when L = 10.
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•  Selected 12 landmarks and tested at 50-m altitude 
Parameter Value 
Detector horiz. 
resolution 
2592 pixels 
Detector vert. 
resolution 
1944 pixels 
Focal length, f 7.68 mm 
Detector pixel 
dimensions 
2.2 x 2.2 microns 
Camera horiz. FOV 40.7 deg 
Camera vert. FOV 31.1 deg 
•  Camera and Detector 
Parameters: 
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•  The illuminated maplet data from these 12 landmarks at 50-m alt.: 
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image proces -
ing algorithms are cur ently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting er ors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that he synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because th landmark image process-
ing algorithms are currently implem nt d in Matlab, henc a large number of MC samples r quire
a long computation time. The “truth” measurem nt (s, l)truth is defin d as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are p rturbed, and the resulting errors in the m asurement as
a result of the p rturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rend red for each perturbed sample due to the
long computational time required; rather we are p rturbing our knowledg of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC sa ples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized i ages
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matlab, hence a large number of MC samples require
a long computation time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting errors in the measurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that the synthesized images
(simulated from the navigation camera) are not re-rendered for each perturbed sample due to the
long computational time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extracted maplet images (Iext) for the 12 L-maps at 50-m altitude.
with MC for the same number of samples. LHS was chosen because the landmark image process-
ing algorithms are currently implemented in Matl b, hence a l rge number of MC sa ples require
a long computa ion time. The “truth” measurement (s, l)truth is defined as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)pertu b is the result of the landmark template
matching algorithms when (x, rlm, c) are perturbed, and the resulting erro s in the measurement as
a result of the perturbations are (s, l)err = (s, l)tru h   (s, l)pertu b. Note hat the synthesized i ages
(simulated from the navigation camera) are not re-render d for each perturbed sample due to the
long computa ional time required; rather we are perturbing our knowledge of the navigation state
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Figure 7: Extrac ed maplet images (Iext) for the 12 L-maps at 50-m alti ude.
with MC for the same number of samples. LHS was chosen because th landmark image proces -
ing al orithms are currently implemented in Matlab, henc a large number of MC samples r quire
a long computa ion time. The “truth” measurement (s, l)truth is defin d as Eq. 2 evaluated on the
unperturbed values of (x, rlm, c), the “perturbed” (s, l)perturb is the result of the landmark template
matching al orithms when (x, rlm, c) are perturbed, and the resulting errors in the m asurement as
a result of the perturbations are (s, l)err = (s, l)truth   (s, l)perturb. Note that he synthesiz d images
(simulated from the navigation camera) are not re-rend red for each perturbed sample due to th
long computa ional time required; rather we ar perturbing our knowledg of the navigation state
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•  Ran Monte Carlo sims (with Latin Hypercube Sampling) of 500 runs per landmark: 
Table 3: Summary of Monte Carlo (LHS) Simulation Results at 50 m altitude.
L-map
ID
Sample
error
mean
[pix]
Line
error
mean
[pix]
Sample
error
std
[pix]
Line
error
std
[pix]
Num.
not
found
Num.
below
thresh.
Success
Rate
Mean
of max
⇢
B01980 -0.136 0.048 0.062 0.096 42 15 0.89 0.54
B02176 -0.163 0.053 0.028 0.066 23 25 0.90 0.54
B02246 -0.111 -0.027 0.041 0.082 31 18 0.90 0.58
B01585 -0.041 0.054 0.033 0.082 36 20 0.89 0.56
B01909 -0.049 0.081 0.043 0.085 36 15 0.90 0.55
B02235 -0.139 0.068 0.025 0.071 39 12 0.90 0.55
B02690 -0.052 -0.056 0.043 0.097 52 16 0.86 0.57
B02631 -0.107 -0.069 0.038 0.076 37 13 0.90 0.57
B02642 -0.117 0.007 0.058 0.113 46 15 0.88 0.58
B01926 -0.193 0.019 0.032 0.078 49 6 0.89 0.59
B01536 -0.208 0.118 0.037 0.083 35 19 0.89 0.58
B01595 -0.114 0.111 0.041 0.080 33 25 0.88 0.57
The descent GN&C conops currently assumes the spacecraft pose navigational errors to be ap-
proximately 0.5 m and 0.6 deg (3 ) in each component at 50 m altitude, based on a linear covari-
ance analysis assuming landmark measurements (s, l) with 1  noise of 1 pixel.22 Thus, we have
shown that the achievable landmark measurement noise may be smaller, but we have also assumed
a smaller navigational error in attitude knowledge (recall Table 2). Thus, the current landmark
template matching algorithm and settings may be insufficient for accurately providing landmark
measurements with this level of spacecraft pose error, which requires further investigation. One
alternative is to increase the search distance L: the downside of this approach is the potential in-
crease in computational burden as a larger search area must be iterated in the correlator. Another
alternative is to increase the maplet template size (i.e., N ), which comes with its own increase in
computation burden because many of the calculation are performed on a pixel-by-pixel basis in the
maplet. We are exploring a new approach to solving this problem by performing the correlations in
image space, as opposed to maplet space, described below in the discussion on Retina.
Perturbed cases during descent below 50-m altitude
The above perturbed cases were repeated for three landmarks at 30-second intervals during the
descent, beginning at 50-m altitude and stopping before 25-m altitude. Figure 9 shows these results,
where the mean and 1-  std from each 500-sample LHS run are shown as a box-and-whiskers plot.
The sample and line errors are shown in black and blue, respectively. Note that each run of the
landmark template matching algorithm at a given instant is independent, i.e., the (s, l) solution at
one time step is not used as an input to the next time step. Only three landmarks are shown here
because of the large number of samples required to run the LHS simulations at this 30-second
time step in Matlab. Figure 9 shows that the standard deviations do not increase greatly as the
spacecraft approaches the surface. The largest increase here is the sample error mean and std for
L-map B01980, which nearly double during the approach. Figure 7 shows that this landmark has
two large boulders, unlike L-maps B02176 and B02246, and the boulder shadows exist mostly along
the sample direction. One possible explanation for this error growth is mis-modeling of the boulder
shadows in the predicted image (as described after Eq. 17). Lastly, it is worth noting that neither the
landmark template matching success rate nor the max correlation value changed significantly over
the altitude ranges tested.
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•  Repeated Monte Carlo runs at 30-sec. time steps during part of descent for 3 
landmarks: 
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Figure 9: Mean and 1-  std results for (s, l)err for three landmarks at 30-second intervals during
descent from 50 to 25 m range.
FUTURE RETINA DEVELOPMENT
As discussed above, the maplet-space correlations that form the basis of the pre-existing land-
mark template matching algorithms are limited when the spacecraft pose knowledge errors result
in poor correlations or insufficient overlapping data. One approach we are taking with our Retina
fight software development is to instead project the maplet data into image-space and perform the
correlations there. A benefit of this approach is that a larger amount of image data is available in
the FOV as the correlation search distance is extended beyond the geometric limits of the maplet.
In other words, we are comparing the maplet data with additional regions in the image around the
assumed maplet, as opposed to maplet-space searches where large search distances can result in
very little overlapping data (or no overlapping data in the extreme). Recall from Figure 6 that each
maplet only occupies a fraction of the overall FOV. Hence, the Retina approach of correlating in
image space may be more robust to spacecraft pose knowledge errors, although it is possible that
the correlation search time could be large if the true landmark location in the image is much farther
than expected. Another philosophical difference between Retina’s image-space correlations and the
SPC-derived template matching in maplet-space is that Retina does not modify the processed sen-
sor data, and instead does the manipulations on the model-based maplet terrain data. Furthermore,
a more realistic ray-tracing method is used for shadow modeling than the simple incidence angle
check in the existing landmark template matching; this improved image predicting should allow
more surface data to be included in the correlations and improve accuracy. Figure 10 shows some
preliminary results of our new Retina algorithms for landmark template matching, under a similar
MC setup as described above at 50-m (with nearly identical perturbations to spacecraft navigational
states and model knowledge). It is clear that the mean errors are slightly improved and the stan-
dard deviations are somewhat larger; the big improvement is that these MC runs found 100% of
the landmarks, versus the approximately 90% success rate in the existing algorithms. Additional
information on planned Retina development can be found in Reference 11.
CONCLUSIONS
This work has demonstrated the SPC-derived landmark template matching algorithms during
part of the descent below 50-m altitude above a simulated asteroid surface. The algorithms were
shown to produce line-of-sight measurements to the specified landmarks with sufficient accuracy,
assuming a low level of navigational error in the spacecraft’s asteroid-relative pose. However, for
larger navigational errors, this work has illustrated some fundamental limitations in the maplet-space
correlations used in the existing landmark template matching algorithms. Preliminary results were
17
•  Errors do not change significantly over these tests 
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•  The ~90% success rate in these tests is caused by spacecraft position 
and attitude navigation errors causing the projected maplet data to 
only partially overlap. 
•  Also, the onboard rendering methods derived from SPC only 
approximate the surface shadows. 
Preliminary Retina results: 
•  Similar MC simulations resulted in 100% 
success rate and similar sub-pixel errors. 
•  Improved shadow predictions for 
onboard renderer. 
•  Image-space correlations (vs. maplet-
space correlations) for more robust data 
overlaps. 
•  Goal is to implement on GSFC 
SpaceCube 
Retina (Relative Terrain Imaging Navigation) is our onboard version 
being developed with several modifications: 
20 
Summary
M. Shoemaker et al., AAS/AIAA Space Flight Mechanics Meeting, Napa, CA, 2016
•  Presented the SPC-derived methods for landmark measurements. 
•  Showed MC simulation results of perturbing the navigational and model 
parameters. Resulting errors in line-of-sight landmark measurements were 
acceptable, but more work needs to be done to improve success rate. 
•  Introduced Retina algorithms and ongoing work at GSFC for eventual flight SW 
implementation. 
